Abstract: Stormwater quality is well known for its highly stochastic nature and not necessarily well explained by mechanistic urban build up and wash off models. Therefore, local empirical data (based on land use) are an essential compliment to statistical analyses of global data. This paper reports on a large-scale monitoring of the 12 key water quality parameters of suspended solids, nutrients, and heavy metals for stormwater runoff in urban discharges from nine urban land uses with varying sizes in Singapore. It was found that, in general, the average of the event mean concentrations for total nitrogen, total phosphorus, total organic carbon, total suspended solids (TSS), and phosphate in parkland land use were higher than the other eight studied land uses. Based on Pearson's correlation analysis, significant correlation between pairs of water quality parameters was observed. Particularly, there was significant correlation between TSS and most of the other tested water quality parameters in all land uses. A pollutant data set from this study will assist in developing appropriate stormwater quality models, guide the establishment of stormwater treatment objectives and preliminary designs for Singapore catchments, as well as provide an essential complement to statistical analyses of global data for stormwater characteristics.
Introduction
Urban stormwater conveys pollutants derived from natural and anthropogenic activities. It is a major source of surface water pollution in urban areas and one of the most important causes for the deterioration of water quality in the receiving water environment [1] [2] [3] [4] . With urbanization, land-use development to support population increases and activities results in an increase of imperviousness to and a consistently declining health of the receiving water bodies [5] [6] [7] [8] . It is therefore necessary to construct storm-water treatment systems to manage the risks associated with stormwater pollution [9, 10] .
Proper assessment of catchment runoff quality is essential for predicting pollution loads generated from urban areas to manage stormwater pollution. Previous studies show that pollutant concentrations and loads for individual watersheds depend on a few factors including land use [7, [11] [12] [13] , sewer system, type of surface drained, rainfall, and runoff [14] . Different land-use characteristics reflect anthropogenic activities and could have a major impact on the quality of stormwater and consequently the receiving water bodies. Stormwater quality is well known for its highly stochastic nature and local empirical data (based on land use) is essential for a more accurate prediction of pollutant load at a local level [15] [16] [17] . Therefore, specific local runoff water quality data is critically helpful not only for 
Runoff Sample Collection and Analyses
To evaluate water quality of the runoff, water sampling campaigns were planned to be conducted in the urban stormwater catchments during storm events from April 2012 to March 2013. However, due to many factors, first data collection started from August 2012. Monitoring stations were set up at the drainage channels of each sampling site. The stations were equipped with water level and velocity sensors (Sigma 950AV, Sigma-Hach Company, Loveland, CO, USA), rain gauges (Rimco8020, Campbell Scientific, Garbutt, Queensland, Australia), and auto-samplers (Isco3700, Teledyne ISCO, Lincoln, NE, USA). Data from the instruments were logged every 2 min using data loggers (CR800, Campbell Scientific, Logan, UT, USA). The auto-samplers were used to collect samples during a storm event and were triggered when the level in the storm drains reached a preset value. Afterwards, the samples were collected every 5 min by the auto-samplers in polypropylene sampling bottles (1 L). All water samples were brought back to laboratory for analysis within 24 h of collection. There were 8 sampling events for most of the sampling sites except the parkland and the food centre, which had 4 and 6 events respectively. For each event, 9 to 12 water samples were collected from the drainage channels of each sampling site during the storms. Chemical analyses for the water quality parameters were conducted in accordance with APHA Standard Methods for Examination of Water and Wastewater (21st Edition, 2005), and the methods stated by the USEPA.
Calculation of Event Mean Concentrations (EMCs)
Event mean concentrations (EMCs) of rainfall events were used to characterize pollutant concentration. It is defined as the total mass load of a pollutant from a site during a storm divided by the total runoff water column during the storm [21] . EMCs can be expressed as:
where, M is the total mass of pollutant during the entire runoff event (kg), V is the runoff volume during the storm event (m 3 ), C (t) is time varying pollutant concentration (mg/L); Q (t) is time variable 
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where, M is the total mass of pollutant during the entire runoff event (kg), V is the runoff volume during the storm event (m 3 ), C (t) is time varying pollutant concentration (mg/L); Q (t) is time variable flow (L/s); and t is total duration of runoff (s). A velocity-water depth rating curve was established for each sampling site based on application of the Manning's formula calibrated to observed velocity and water depth values of all events. The rating curves were used to back fill the observation gaps in velocity to calculate flow and runoff volume needed for the calculation of EMCs.
Statistical Analyses
To compare the differences of the average of EMCs for each pollutant constitutes from different land uses, one-way analysis of variance (ANOVA) was conducted. To examine the association between all pairs of water quality parameters within each land use and for all land uses integrated, Pearson's correlation was analysed respectively. Statistics analyses were conducted using Sigmaplot 12.0 and SPSS (Statistical Package for the Social Sciences) 17.0.
Results

Characteristics of the Runoff Water Quality
The ranges for the average of EMCs for total nitrogen (TN), total phosphorus (TP), total suspended solids (TSS), and total organic carbon (TOC) from the 9 sampling sites was 0.93-3.02 mg/L, 0.05-0.31 mg/L, 17.23-147.34 mg/L, and 0.98-4.16 mg/L respectively ( Table 1) . TN and TP concentrations in all land uses except the parkland were lower than the global mean EMC reported by Duncan which was 2.80 mg/L and 0.36 mg/L respectively [16] . In parkland, the average of EMCs for TN and TP was 3.02 mg/L and 0.31 mg/L respectively. These were comparable to the global mean. Five of the 9 land uses showed the average of EMCs for TSS significantly below the global mean EMCs 153.5 mg/L [16] . The average for the other four land uses (mixed commercial area, residential area, parkland and residential road) are comparable to the global mean. The highest average of EMCs for TOC (4.16 mg/L) was observed at parkland. It was found to be reported below the global TOC range (13.27-43.75 mg/L) [16] . Note: Number in brackets means the standard error, "n" is the number of sampling events and "s" is the number of total samples at each sampling site. TN: total nitrogen, TP: total phosphorus, TSS: total suspended solids, TOC: total organic carbon.
The range for the average of EMCs for NO 3 Table 1 ). The average EMCs for Zn and Cu at the industrial areas was higher than the other land uses. Also, the average pH at the industry car workshop area was 7.24 which was significantly higher than that in food centre, major road and residential area.
The highest average EMCs for NO 3 -N (0.75 mg/L) was observed at the parkland but it was not significantly different from the other land uses, while the highest NH 4 -N (0.42 mg/L) occurred in the industry area. The ratio of the average of EMCs for PO 4 -P to TP in different land uses ranged from 16.5% to 48.7%, with the highest occurred in the parkland. The ratio of the average EMCs for NO 3 -N and NH 4 -N to TN was found to be 24.5-50.7% and 7.5-22.3%, respectively.
Correlation between Water Quality Parameters
Correlation between Water Quality Parameters within Each Land Use
TSS was positively and significantly correlated with most of the other water quality parameters within each land use. In particular, there was strong significant correlation between TSS and TOC in the parkland, residential road and the commercial business centre with r of 0.72, 0.77, and 0.89 respectively (p < 0.0001). TSS also had significant correlation with TP (0.70 ≤ r ≤ 0.97, p < 0.0001) in all land uses with a noticeable strong correlation (r ≥ 0.94, p < 0.0001) in the commercial food centre, the parkland and the commercial business centre. Also, TSS was significantly correlated with TN (0.53 ≤ r ≤ 0.87, p < 0.0001) in all land uses except in the residential area and the industrial car workshop area. Noticeably, both TN and TP were highly correlated with TSS in the parkland and the commercial business centre with r > 0.84 (p < 0.0001).
TN and TP were positively and significantly correlated in all land uses except in residential area. In industrial car workshop area and major road, the correlation between TN and TP was weak but significant with r as 0.28 and 0.33 respectively (p < 0.01) while the correlation was significant and stronger in the other land uses (0.58 ≤ r ≤ 0.87, p < 0.0001).
TP and PO 4 -P had significant correlation in commercial food centre and industrial area, with r as 0.56 and 0.72 respectively (p < 0.0001) while the correlation in mixed use area, commercial business centre and residential road was weaker but significant with r as 0.27, 0.35 and 0.34 respectively (p < 0.0001). There was no significant correlation between TP and PO 4 -P in major road, parkland, or industrial car worksho Generally, TN was positively and significantly correlated with nitrogen species NO 3 -N and NH 4 -N in all land uses except in parkland. In particular, TN was highly correlated with NO 3 -N in commercial business centre, residential area, parkland and industrial car workshop area with r as 0.70, 0.86, 0.88, and 0.95 respectively (p < 0.0001). In the industrial area, TN was highly correlated with NH 4 -N with r as 0.90 (p < 0.0001). However, in the parkland, TN was negatively correlated with NO 3 -N (r = −0.50, p < 0.01) and positively correlated with NH 4 -N (r = 0.88, p < 0.0001).
Additionally, there was high and significant correlation between all heavy metals (r close to or above 0.8, p < 0.0001) in all land uses. Also, there was significant correlation between conductivity and pH in all land uses (r close to or above 0.50, p < 0.0001) except in the commercial food centre and the industrial factory.
Correlation between Water Quality Parameters for All Land Uses Integrated
Overall, TOC was positively and significantly correlated with all the other water quality parameters except pH (0.17 ≤ r ≤ 0.63, p < 0.0001). TSS was significantly correlated with TN, TP, and TOC with r as 0.54, 0.73, and 0.56 respectively (p < 0.0001). The correlation between TSS and the heavy metals was positive and significant (0.14 ≤ r ≤ 0.71, p < 0.0001). However, while TSS was significantly correlated with PO 4 -P, NH 4 -N (p < 0.001), the correlation was weak with r as 0.24, 0.20. Interestingly, TN was significantly correlated with all other water quality parameters except pH (0.29 ≤ r ≤ 0.74, p < 0.0001). In particular, TN had relatively high correlation with TP, NH 4 -N and TOC with r as 0.74, 0.60, and 0.62 respectively (p < 0.0001). There was also positive and significant correlation between metal ions (0.36 ≤ r ≤ 0.82, p < 0.0001). In particular, Pb has high and significant correlation with other metals except Ni and Cd with r above 0.70 (p < 0.0001). A significant correlation between pH and conductivity (r = 0.54, p < 0.0001) was also observed (Table 2) . 
Discussion
This study observed lower level of stormwater pollutants in Singapore catchments with different land uses compared to global data reported by Duncan [16] . This agrees with previous studies on the stormwater quality in Singapore by Lim [28] and Chua et al. [14] . Also, the stormwater pollutants level in Singapore catchments was lower than that from Malaysia, which has relatively similar climate and rainfall pattern. For catchments in Malaysia, Chow et al. [31] observed NO 3 -N as 0.9 mg/L for residential area, 0.93 mg/L for commercial area, 1.2 mg/L for light industry area while Nazahiyah et al. [32] observed NO 3 -N for residential area as 2.4 mg/L and 2.8 mg/L for commercial area, which were all considerably higher than that in the 9 catchments of the current study. However, the average of EMCs for PO 4 -P in this study was 0.01-0.14 mg/L (Table 1) , which was higher than that from Marina catchment area, Singapore at which PO 4 -P concentration was 0.008 to 0.010 mg/L [33] . Lucke et al. [17] reviewed the latest publications on urban runoff pollutants from residential and commercial areas of South-East Queensland (SEQ), Australia. The results show stormwater pollutant concentrations in SEQ to be significantly lower than those historically published as typical for Australian land uses but still higher in nutrient levels than that of this study ( Table 3) .
The lower level of pollutants in Singapore catchments may be attributed to the effective pollutant source management system to minimize the pollution loads into the drainage system in Singapore. PUB (Public Utilities Board), being the national water agency, put in place integrated waste and wastewater management policies and anti-pollution measures to protect the quality of stormwater runoff. The measures adopted to minimize pollutants in the catchments include strict erosion control at construction sites, efficient street sweeping practices, routine drainage system maintenance, and separation surface runoff from the sewage [34] . By well-coordinated land use planning and integrated catchment management, major pollutant producing activities in the catchments were eliminated or controlled. In this study, we found a significant difference in stormwater pollutant levels between different land uses. Generally, the parkland exhibited the highest average of EMCs for TSS TN, TP, TOC, and PO 4 -P which were significantly higher than the other land uses (Table 1) . Barley et al. [35] reported that there was no statistically significant difference (p < 0.05) between data collected at plot and catchment scales for the same land use based on collating published and unpublished runoff constituent concentration and load data for Australian catchments covering 13 different land uses. This together indicated that differences in land uses is an important factor responsible for changes in the runoff constituents. However, whether it is accurate to generalize the water quality data in one catchment to the other catchment of the same land use for predication of pollutant load or modelling should be considered carefully. This is because both pollutant build-up and wash-off processes can be influenced by a range of catchment characteristics including conventional factors like land use and impervious area fraction as well as site specific characteristics such as urban form and impervious area layout [36] .
The Pearson's correlation between water quality parameters showed that TSS was significantly correlated with most of the other water quality parameters in all land uses. This corresponds to the study of Wijesiri et al. [37] which suggested that pollutant wash-off is a function of the build-up of particles. The variations in pollutant load and composition during build-up are primarily determined by the temporal variations in particle size fractions. Therefore, TSS might be the dominant contributor for the variation of water quality in different land uses in Singapore catchments. Although we observed a higher level of TN, TP, and ratio of PO 4 -P to TP (48.7%) in the parkland, it is not statistically reliable to conclude that nutrients level in the runoff of parkland is significantly higher than the other land uses, considering the low number of events sampled in parkland. However, it is worthy to note that heavy storms might cause soil erosion in parkland. During soil erosion processes, sediment might be trapped and the sediment-attached nitrogen and phosphorus could be dissolved and transported by overflow in heavier rainfall [23] . Nitrogen and phosphorus should not be neglected in runoff treatment as they are responsible for eutrophication in water bodies. The practical implication is that the runoff generated at the parkland cannot be bypassed to receiving water bodies but must be treated, especially for the nutrients associated with the suspended solid.
The observed higher average of EMCs for Zn, Cu, and pH at industrial areas indicated the special contamination sources in these land uses. The sources of heavy metals in the storm water could be from dust particles from combustion plants, iron and steel industry, non-ferrous metal industry, waste incineration plant, cement industry, glass industry, and vehicle traffic [38] . The practical implication is that treatment of the runoff generated at the industry area should have an emphasis on the removal of heavy metals.
This study observed significant and positive correlations between water quality parameters. The correlation within each land use was generally stronger than that from all land uses integrated. The significant correlation between pairs of water quality parameters indicated that each pair of pollutant loads might have the same sources (or washed off from the same land-use patterns). The practical significance is that any one of the pairs of pollutants can be chosen as representative or control indicators in runoff pollution monitoring and management for the sake of simplifications. However, the non-significant correlation observed between certain pairs of water quality parameters in each land use may simply reflect an inadequate sample size but did not prove the absence of any underlying relationshiAlso, the stronger positive correlation between pairs of pollutants within each land use might be because the pollutants have similar source, build-up and wash-off processes while in the general catchments, the source of contamination might be more variable and therefore the correlation between the pairs of pollutants becomes weaker. Hence, to establish the correlation between water quality parameters for either water quality monitoring purpose or for runoff pollutants immigration, it is more accurate to investigate the correlation within each land use.
Conclusions
This study was undertaken to develop pollutant export statistics and relationships for various types of pollutants in stormwater from a range of urban catchments encompassing a range of land uses in Singapore. It was found that the event mean concentrations (EMCs) of key pollutants for various land uses in Singapore were lower than the global mean. In general, the average of EMCs for TN, TP, TOC, TSS, and PO 4 -P in parkland were higher than the other land uses. Based on Pearson's correlation analysis, significant correlation between pairs of water quality parameters was observed. In particular, there was significant correlation between TSS and most of the other tested water quality parameters in all land uses. Therefore, efficient capture of sediment would remove considerable pollutants from Singapore stormwater runoff. The information developed from this study will assist in developing appropriate pollutant data set relevant to Singapore catchments for urban stormwater quality models and will be invaluable in guiding the establishment of stormwater treatment objectives for Singapore catchments. The stormwater pollutant data set will also be an essential compliment to statistical analyses of global data for stormwater characteristics. However, it should be noted that sampling in this study does not provide adequate coverage of the potential variability that may occur during an annual rainfall pattern due to limited sampling rainfall events. A monitoring scheme of longer-term and more sampling events will provide more accurate pollutant data set for adoption.
